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The RIIIS/J inbred mouse strain is a model for type 1 von Willebrand disease (VWD), a common human bleeding
disorder. Low von Willebrand factor (VWF) levels in RIIIS/J are due to a regulatory mutation, Mvwf1, which directs
a tissue-speciﬁc switch in expression of a glycosyltransferase, B4GALNT2, from intestine to blood vessel. We recently
found that Mvwf1 lies on a founder allele common among laboratory mouse strains. To investigate the evolutionary
forces operating at B4galnt2, we conducted a survey of DNA sequence polymorphism and microsatellite variation
spanning the B4galnt2 gene region in natural Mus musculus domesticus populations. Two divergent haplotypes segregate
in these natural populations, one of which corresponds to the RIIIS/J sequence. Different local populations display
dramatic differences in the frequency of these haplotypes, and reduced microsatellite variability near B4galnt2 within the
RIIIS/J haplotype is consistent with the recent action of natural selection. The level and pattern of DNA sequence
polymorphism in the 5# ﬂanking region of the gene signiﬁcantly deviates from the neutral expectation and suggests that
variation in B4galnt2 expression may be under balancing selection and/or arose from a recently introgressed allele that
subsequently increased in frequency due to natural selection. However, coalescent simulations indicate that the
heterogeneity in divergence between haplotypes is greater than expected under an introgression model. Analysis of
a population where the RIIIS/J haplotype is in high frequency reveals an association between this haplotype, the
B4galnt2 tissue-speciﬁc switch, and a signiﬁcant decrease in plasma VWF levels. Given these observations, we propose
that low VWF levels may represent a ﬁtness cost that is offset by a yet unknown beneﬁt of the B4galnt2 tissue-speciﬁc
switch. Similar mechanisms may account for the variability in VWF levels and high prevalence of VWD in other
mammals, including humans.
Introduction
von Willebrand factor (VWF) is a central component
of hemostasis, and defects in VWF result in von Willebrand
disease (VWD), the most common inherited bleeding dis-
order in humans (Johnsen and Ginsburg 2006). Type 1
VWD accounts for 70% of all of VWD cases and is char-
acterized by a quantitative reduction in VWF. The RIIIS/J
inbred mouse strain has a phenotype similar to Type 1
VWD in humans (Sweeney et al. 1990). The low VWF lev-
els in RIIIS/J are due to a mutation previously termed
Mvwf1, for ‘‘Modiﬁer of’’ VWF 1 (Mohlke et al. 1996).
Mvwf1 is a naturally occurring, cis-regulatory mutation that
results in a unique, tissue-speciﬁc switch in the expression
of a glycosyltransferase, B4GALNT2, from the intestinal
epithelial pattern seen in most mice (and humans; Montiel
et al. 2003) to a vascular endothelial cell-speciﬁc pattern.
Endothelial cell expression of B4GALNT2 leads to aber-
rant posttranslational modiﬁcation of VWF, resulting in ac-
celerated clearance from circulation and a reduced plasma
VWF phenotype (Mohlke et al. 1999).
Further characterization of the B4galnt2 locus in
RIIIS/J identiﬁed a ;30-kb genomic region of high se-
quence divergence (.2% relative to C57BL6/J) ﬂanking
B4galnt2 exon 1 (Johnsen et al. 2008). Divergence within
this region is heterogeneous, with a peak of nucleotide di-
vergence (up to 8%) in the immediate 5# ﬂanking region of
the gene that is several fold higher than the expected dif-
ference between inbred mouse strains (Wade et al.
2002). Transgenic experiments conﬁrmed that the mutation
causing the tissue-speciﬁc switch in B4galnt2 gene expres-
sion lies within this region (Johnsen et al. 2008). A survey
of 65 laboratory and wild-derived inbred mouse strains
found a haplotype block spanning ;97 kb of nearly iden-
tical sequence to RIIIS/J in 12 other inbred strains that also
exhibitedtheMvwf1tissue-speciﬁc switchinB4galnt2gene
expression. Five of these strains were independent, wild-
derived strains of Mus musculus domesticus origin.
These observations raise important evolutionary ques-
tions regarding the origin and maintenance of these diver-
gent haplotypes. However, until now, only inbred strains
have been analyzed. In this study, we survey both DNA
sequence polymorphism and microsatellite variability sur-
roundingtheB4galnt2generegioninnaturalpopulationsof
M. m. domesticus and determine the B4GALNT2 expres-
sion pattern and VWF levels in wild-caught mice. We ﬁnd
that the pattern of haplotypic variation previously ob-
servedinlaboratory andwild-derived inbred strainsisalso
present in natural populations, that there is evidence of
a recent shift in frequency of one of these haplotypes
due to natural selection, and that the level and pattern
of polymorphism in the 5# ﬂanking region signiﬁcantly
deviates from the neutral expectation. Coalescent simula-
tions performed to evaluate the role of introgression indi-
cate that the heterogeneity in divergence between
haplotypes is highly unlikely under an introgression event
alone. Furthermore, we demonstrate an association be-
tween genotype at B4galnt2, B4GALNT2 expression pat-
tern, and VWF levels in a natural population.
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Animal Material
Population samples of M. m. domesticus from France,
Germany, and Cameroon are comprised of wild-caught in-
dividuals as previously described (Ihle et al. 2006; Baines
andHarr2007).ThepopulationsampleofM.m.domesticus
from Chicago was kindly provided by Bettina Harr. DNA
from a single M. famulus individual (kindly provided by
F. Bonhomme) was sequenced as an outgroup. Individuals
screened for their VWF levels and B4galnt2expression pat-
ternwerecaughtinthesummerof2005atthesamesampling
localitiesintheMassifCentralofFranceasdescribedinIhle
et al. (2006). Mice were acclimated to laboratory conditions
for2monthspriortoanalysis.Animalmaintenanceandhan-
dling was according to the required legal standards and in-
stitutionally approved by the Bezirksregierung Ko ¨ln.
Preparation of Biological Samples
DNA was prepared from either ethanol-preserved or
frozen tissues as previously described (Nichols et al.
1994). Platelet-poor plasma was collected as previously de-
scribed (Nichols et al. 1994) and stored at  80 C until
analysis. Tissues were formalin-ﬁxed and parafﬁn embed-
ded by the Tissue Core of the University of Michigan Com-
prehensive Cancer Center.
Analysis of B4galnt2 Expression Patterns and Plasma
VWF Levels
Dolichosbiﬂorusagglutinin(DBA)lectinstainingwas
performed on formalin-ﬁxed, parafﬁn-embedded tissues as
previouslydescribed(Mohlkeetal.1999)usinghorseradish
peroxidase conjugated DBA lectin (H-Y Labs, Inc.). Small
intestine from C57BL/6J and RIIIS/J were simultaneously
stained as controls.
Plasma VWF levels were determined by an enzyme
linked immunosorbent assay in duplicate, as previously de-
scribed (Mohlke et al. 1996) using aliquots of pooled
C57BL6/J plasma to generate a standard curve. Statistical
signiﬁcanceinVWF levelsbetweenthetwogroups (with or
without RIIIS/J nucleotide polymorphisms at fragment 6)
was determined using Student’s unpaired two-tailed t-test.
Polymerase Chain Reaction (PCR) and DNA Sequencing
Genomic sequencing was performed at the University
of Michigan, University of Cologne, and University of
Munich.Brieﬂy,nineprimerpairsthatspantheRIIIS/Jhap-
lotype block were designed for PCR using RIIIS/J genomic
sequence (GenBank EF372924). A list of the PCR primers,
cycling conditions, and sequencing primers for each ampli-
con is provided in supplemental table S1, Supplementary
Material online.
Genotyping at B4galnt2
A PCR fragment diagnostic of the RIIIS/J and
C57BL6/J haplotypes was sequenced to screen natural pop-
ulations and assign genotypes to wild-caught individuals
evaluated for B4GALNT expression and VWF levels. This
fragment(fragment6)isalsoincludedinthemoreextensive
survey conducted in the German and French populations
described below (see supplemental table S1, Supplemen-
tary Material online, for primers). This fragment was cho-
sen because it is located near the center of the previously
identiﬁed haplotype block and peak of divergence in the 5#
ﬂanking region of B4galnt2 (ﬁg. 1).
Microsatellite Genotyping
Microsatellite typing was performed at the University
of Cologne. Forward primers were labeled with 6-carbox-
yﬂuorescein or 6-carboxy-2#,4,4#,5#,7,7#-hexachloroﬂuor-
escein dye at the 5# end. PCR was performed using
a Multiplex PCR kit (Qiagen, Hilden, Germany). Dinucle-
otide repeat loci were chosen from either the mouse genetic
mapping panel contained in the Whitehead Institute data-
base (Dietrich et al. 1996) or identiﬁed within the mouse
genome sequence (NCBI build 36). A list of primers and
their genomic location is provided in supplemental table
S2, Supplementary Material online.
Data Analysis
Sequence chromatograms were aligned to the homol-
ogous sequence from RIIIS/J (GenBank EF372924) and
C57BL6/J (NCBI build 36) and edited using DNAstar
(Madison, WI) software. For basic polymorphism statistics,
heterozygous positions were randomly assigned to one of
two alleles for each individual (i.e., ‘‘pseudohaplotypes’’
were produced), and analysis was performed using DnaSP
4 (Rozas et al. 2003). The multilocus Hudson-Kreitman-
Aguasw (HKA) test was performed using the program
HKA provided by J. Hey (http://lifesci.rutgers.edu/
;heylab/HeylabSoftware.htm). For haplotype analysis,
FIG. 1.—Location of fragments 1–9 relative to the region of high
sequence divergence. Sliding window plot of single nucleotide di-
vergence between C57BL6/J and RIIIS/J at the B4galnt2 locus adapted
from Johnsen et al. (2008) to show the positions of the PCR fragments (1–
9) analyzed in this study (indicated by arrows in the second row). The
gene structure of B4galnt2 and the 3# end of the upstream gene, Igf2bp1,
are depicted in the ﬁrst row under the x-axis.
568 Johnsen et al.we reconstructed the phase of diploid individuals using the
program PHASE version 2.1 (Stephens et al. 2001; Ste-
phens and Donnelly 2003). The algorithm was run ﬁve
times automatically using the ‘‘-x’’ option and the output
providing the best ‘‘goodness of ﬁt’’ was used. Although
the phase could be reconstructed with a certainty of
 90% for a majority of individuals and heterozygous po-
sitions, we chose the composite genotypic disequilibrium,
D,foranalysis oflinkagedisequilibrium(LD),asitdoesnot
require a known phase of alleles (Weir 1996). In addition,
this measure of LD does not require an assumption of ran-
dom mating, which may be more appropriate for wild
mouse populations where deviations from Hardy–Wein-
berg proportions are common (Laurie et al. 2007). The
composite genotypic disequilibrium was computed using
the ‘‘composite_LD’’ function submitted to the Bioperl pro-
ject (Stajich et al. 2002), and LD is reported as the compos-
ite genotypic r
2, the squared correlation of genotypic
indicators at two loci in diploid individuals (Weir et al.
2004; Laurie et al. 2007).
Microsatellite gene diversity estimates (expected het-
erozygosity, corrected for sample size) were calculated us-
ing the program MS Analyzer 3.15 (Dieringer and
Schlotterer 2003). The ln RH statistic (Kauer et al. 2003)
was applied to compare variability levels between popula-
tions. Signiﬁcance was estimated by comparing the ln RH
values of the typed microsatellites against a reference data
set of microsatellite loci distributed throughout the genome
(Ihle et al. 2006). To obtain estimates of within-haplotype
class heterozygosity at microsatellites, the phase of the 12
microsatellite lociandtwohaplotype classes(asdetermined
by diagnostic PCR fragment 6) was reconstructed using
PHASE (Stephens et al. 2001; Stephens and Donnelly
2003)asdescribed above.Onlythegenotypedataforwhich
an estimate of the phase with respect to the alternative
B4galnt2 haplotypes had a certainty  90% were included
in within-haplotype heterozygosity estimates and analyses.
Allele Age Estimates
Twoseparate methodswereusedtoestimatetheageof
the RIIIS/J haplotype, one based on the accumulation of
newmutationssincethecommonancestorofRIIIS/J-bearing
chromosomes (Rozas et al. 2001) and the other based on
allele frequency (Kimura and Ota 1973). The age based
on the accumulation of mutations among RIIIS/J chromo-
somes was estimated assuming a star phylogeny, with the
number of mutations following a Poisson distribution. The
presence of at most two nucleotide mutations among a sam-
ple of eight RIIIS/J chromosomes sequenced at the nucle-
otide level (one singleton within an RIIIS/J homozygote
and one singleton of uncertain phase occurring in a hetero-
zygote within sequence fragments 2 through 8) and two mi-
crosatellite loci monomorphic among 23 chromosomes (the
minimum number for which reliable phase estimates were
obtained)wereusedforthiscalculation.Thenucleotidemu-
tation rate was assumed to be 2   10
 9 (range 1.67  
10
 9–2.98   10
 9; Eyre-Walker et al. 2002), whereas
microsatellite mutation rates were estimated by the method
of Xu and Fu (2004) in the German population, which is
less likely to be inﬂuenced by the effects of selection,
and assuming an effective population size of 58,000
(Salcedo et al. 2007). The 95% conﬁdence interval (CI),
[tlower   tupper], was estimated as follows: tlower is the value
of t for which the probability of two nucleotide and zero
microsatellite mutations plus the probabilities of all out-
comes with equally many or more mutations (i.e., two,
three, four, etc., mutations at microsatellite and nucleotide
loci combined) is equal to 0.025. tupper is the value of t for
which the probability of two nucleotide and zero microsa-
tellite mutations plus the probabilities of all equally or more
extreme outcomes (e.g., no mutations at microsatellite or
nucleotide loci) is equal to 0.025. The 95% CI for the ex-
pected age based on allele frequency (Kimura and Ota
1973) was obtained using the approximation given by
Slatkin and Rannala (2000). Estimates are given in units
of years, assuming two generations per year.
Coalescent Simulations
Coalescent simulations were performed in order to
carry out an extension of the haplotype test of Hudson
et al. (1994) and to simulate the effect of an introgression
event on the pattern of nucleotide variability at B4galnt2.
The test of Hudson et al. (1994) gives the probability of
observing a subset of i alleles with j or fewer segregating
sites given an overall sample of n alleles with S segregating
sites. To generate genealogies containing mutation events
both at nucleotide and microsatellite loci, the program sim-
coal2(LavalandExcofﬁer2004)wasused.Giventhelarger
sample size of individuals typed for microsatellite loci
(31–46) than for nucleotide polymorphism (six to eight),
the number of segregating sites expected within the
RIIIS/J haplotype in the total larger sample was estimated
using Watterson’s (1975) estimator of h.
To evaluate an introgression model, coalescent simu-
lations similar to those described by Evans et al. (2006)
were performed using the software ms (Hudson 2002).
Random genealogies for a sample of 16 chromosomes were
simulated for a ;60-kb chromosomal region. The number
ofsegregatingsiteswasﬁxedbasedonthenumberexpected
over the entire ;60 kb given the number observed in frag-
ments 2–8.Weusedthefollowingscenariotoreproducethe
effects of introgression: Eight chromosomes were obtained
from population A (recipient population) and eight from
population B (donor population), representing the same fre-
quency of RIIIS/J haplotypes present in the sequenced
sample. Two demographic models were considered for
population A, a standard constant size model assuming
an effective population size of 58,000 (Salcedo et al.
2007), and the most likely demographic scenario (including
a population size bottleneck and migration within and be-
tween species) estimated for the French population by
Baines and Harr (2007). In both cases, population A was
assumed to have split from population B at 500,000 years
(1,000,000 generations) in the past. Given the low level of
variation observed within RIIIS/J haplotypes, population B
was subjected to a severe population bottleneck in the
recent past (Nb/N0 5 0.000001, tb 5 0.000001, time mea-
suredin4Negenerations).Thissimulatestheeventthatonly
a single haplotype introgressed into population A and
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ulations were performed with both zero recombination and
using the rate estimated for this chromosomal region
(Jensen-Seamanetal.2004).Foreachsimulatedgenealogy,
seven representative regions of the same length and relative
position of fragments 2–8 were taken to compare the var-
iance in both nucleotide diversity, p, and the average pair-
wise divergence between haplotype classes, pbetween, with
the observed values. P values are given as the number of
simulations out of 20,000 for which the observed variance
in either p or pbetween were equal to or greater than the
observed value.
Results
Screen of the RIIIS/J Haplotype in Natural Populations
Our previous survey of laboratory and wild-derived
inbred strains (Johnsen et al. 2008) suggests that the hap-
lotype associated with the RIIIS/J strain segregates in nat-
ural populations. This was based on extensive sequence
characterization of six common laboratory strains and 23
wild-derived strains, including representatives of the
M. musculus subspecies musculus, domesticus, castaneus,
and molossinus, as well as the closely related Mus spretus
and Mus spicilegus. The RIIIS/J haplotype appeared to be
conﬁned to laboratory strains and wild-derived strains of
M. m. domesticus origin.
To screen for the distribution and frequency of the
RIIIS/J haplotype in natural populations of M. m. domesti-
cus, a diagnostic PCR fragment (fragment 6; see Materials
and Methods and ﬁg. 1) was typed in 126 individuals from
four separate populations. There are 11 single nucleotide
polymorphism in this fragment between the RIIIS/J and
C57BL6/J haplotype classes, and assignment of haplotype
class was conﬁrmed by the generation of Neighbor-Joining
(Saitou and Nei 1987) trees for each population (supple-
mentary ﬁgure S1, Supplementary Material online). The
frequencyoftheRIIIS/Jhaplotypewashighlyvariable(ta-
ble 1), with the two M. m. domesticus populations in Eu-
rope displaying the most striking difference in haplotype
frequency (0% vs. 39%). No signiﬁcant deviation from
Hardy–Weinberg equilibrium was observed in Cameroon
(P 5 0 . 5 6 )o rC h i c a g o( P 5 0.53), whereas an excess of
homozygotes was observed in France (P 5 0.015). Previ-
ous studies of both this French population and other nat-
ural populations of M. m. domesticus indicate that an
excess of homozygotes is a common observation at loci
throughout the genome, however, likely due to inbreeding
effects associated with communal nesting in wild mouse
populations (Ihle et al. 2006; Laurie et al. 2007).
DNA Sequence Variation in European M. m. domesticus
For a more detailed analysis of DNA sequence varia-
tion at B4galnt2,we chose to focus on the M. m. domesticus
populations from Germany and France for several reasons.
Although populations from Chicago and Cameroon both
display frequencies of the RIIIS/J haplotype of ;20% to
25%, these represent much more recent colonizations
and are thus more likely to be confounded by demography.
Additionally, the German and French populations have
been extensively characterized at both the microsatellite
(Ihle et al. 2006) and DNA sequence level (Baines and Harr
2007), which provide powerful points of comparison, and
phenotypic screening of wild-caught mice from the same
locations sampled by Ihle et al. (2006) was possible.
Ninesequencefragmentsspanningapproximately100kb
of the B4galnt2 structural gene and 5# ﬂanking region
were sequenced in six to eight individuals each in the
German and French populations (ﬁg. 1; table 2), for which
data from seven unlinked autosomal reference loci also ex-
ist (Baines and Harr 2007). These fragments were chosen to
encompass the region previously identiﬁed as highly diver-
gent between the C57BL6/J and RIIIS/J strains (Johnsen
et al. 2008), in addition to sequence ﬂanking this region.
An outgroup sequence from Mus famulus was obtainable
for six of these nine segments. Figure 2 displays a plot
of nucleotide diversity across the B4galnt2 region relative
to the genome average as determined from seven unlinked
autosomal reference loci (Baines and Harr 2007). A clear
peak of polymorphism in the immediate 5# ﬂanking region
of the gene is present in the French population, which de-
creases on either side. Polymorphism levels at this peak are
nearly 10-fold higher than the genome average (p 5 2.43%
vs. paverage 5 0.26%) for this population. In contrast, the
German population displays consistently low polymor-
phism across the region comparable to levels seen at the
reference loci.
Haplotype Structure and LD
To analyze the pattern of haplotypic variation at
B4galnt2, the phase of the diploid sequence data was recon-
structed using the program PHASE (Stephens et al. 2001;
Stephens and Donnelly 2003). This could be estimated with
a certainty of .90%for a majorityofpolymorphic sitesand
individuals (supplementary ﬁgure S2, Supplementary Ma-
terial online). Inspection of these results reveals the pres-
ence of two major haplotype classes spanning sequence
fragments 2–8, which are very similar to those present in
the C57BL6/J and RIIIS/J inbred strains. Although the
C57BL6/J haplotype class appears ﬁxed in the German
population, both haplotype classes segregate at intermedi-
ate frequency in the French population.
Although the haplotype reconstruction was reliable
over most of the sampled region, there was less certainty
at the 5# and 3# extremes (i.e., fragments 1 and 9). Thus,
to quantify LD across the entire region, we report the com-
posite genotypic r
2, as it does not require a known phase of
alleles(seeMaterials andMethods).LDbetweensitesinthe
Table 1
C57 and RIIIS/J Haplotype Frequencies in Populations of
Mus musculus domesticus
M. m. domesticus Population C57 Haplotype RIIIS/J Haplotype
France (n 5 51) 60.8% (62/102) 39.2% (40/102)
Germany (n 5 36) 100% (72/72) 0% (0/72)
Cameroon (n 5 29) 77.6% (45/58) 22.4% (13/58)
Chicago (n 5 10) 75% (15/20) 25% (5/20)
570 Johnsen et al.Frenchpopulationishigh,withanaverage r
2overtheentire
sequenced region of 0.686. In particular, the association
between sites spanning the ;60-kb interval between frag-
ments 2–8 reaches the maximum (r
2 5 1.00; P 5 0.0047).
This value far exceeds the mean LD between sites at similar
distance in a large-scale study of a M. m. domesticus pop-
ulation from Arizona (r
2   0.15; Laurie et al. 2007). How-
ever, due to the large number of pairwise comparisons
(1,771) associated with the many divergent sites between
haplotypes, no pairwise comparison remains signiﬁcant af-
ter Bonferroni correction. LD in the German population,
where only the C57BL6/J haplotype class is present, is
comparatively lower (average r
25 0.201) and also displays
no signiﬁcant association between sites.
The region spanning fragments 4–7 is particularly
striking. These fragments total ;2 kb and span a ;23-kb
region (of which ;19 kb lies upstream of the start
codon). In this region, only three polymorphic sites were
identiﬁed ‘‘within’’ haplotype classes (one within RIIIS/J,
one within C57BL6/J in the German population, and one
singleton of uncertain haplotypic phase in a heterozygous
individual), whereas 36 polymorphic sites are found
‘‘between’’ them.
Tests of Neutrality
To test if the pattern of polymorphism at B4galnt2 is
consistent with a neutral model of molecular evolution, we
ﬁrst performed a test based on the distribution of allele fre-
quencies. Tajima’s D (Tajima 1989) is consistently positive
across the B4galnt2 region in the French population, indi-
cating an excess of intermediate frequency variants (table 2).
Sequence fragments 4–7, which span the peak of poly-
morphism (in ﬁg. 2), all display signiﬁcantly positive
values. In contrast, with the exception of the most 3# locus
(fragment 9), the German population displays consistently
negative values of Tajima’s D, indicating an excess of low-
frequencyvariants.Wenextcomparedtheratioofpolymor-
phism with divergence across the six fragments for which
outgroup data were attainable and seven unlinked autoso-
mal reference loci (Baines and Harr 2007) using a multilo-
cus version of the HKA test (Hudson et al. 1987). The
deviation from the neutral expectation for both polymor-
phism and divergence is plotted in ﬁgure 3. The neutral
model could be rejected for both populations (P , 10
 5
Table 2
Summary of Polymorphism and Divergence across B4galnt2 Region
Fragment (Position
a) Population Sample Size Length (bp) S
b p
c (%) h
d (%) K
e (%) Tajima’s D
1(  55.3 kb)
France 14 749 1 0.07 0.04 — 1.434
Germany 12 736 1 0.02 0.05 —  1.140
2(  38.3 kb)
France 16 427 3 0.31 0.21 4.85 1.376
Germany 12 427 1 0.04 0.08 4.63  1.140
3(  29.2 kb)
France 16 353 2 0.30 0.17 2.79 1.970
Germany 12 353 2 0.19 0.19 2.70  0.047
4(  18.7 kb)
France 16 638 4 0.33 0.19 2.88 1.141*
Germany 12 638 0 0 0 3.04 —
5(  10.4 kb)
France 16 395 18 2.43 1.37 3.04 3.069***
Germany 12 395 0 0 0 4.81 —
6(  1.1 kb)
France 14 476 13 1.30 0.86 4.53 2.084*
Germany 14 478 0 0 0 4.47 —
7( þ4.2 kb)
France 14 234 3 0.68 0.40 — 2.074*
Germany 14 382 1 0.04 0.08 —  1.155
8( þ20.2 kb)
France 16 739 6 0.39 0.25 4.63 2.004*
Germany 14 739 2 0.06 0.09 4.56  0.959
9( þ41.4 kb)
France 16 668 10 0.65 0.45 — 1.623
Germany 12 668 3 0.18 0.15 — 0.672
*P , 0.05; ***P , 0.001.
a Position relative to B4galnt2 start codon.
b S 5 the number of segregating sites.
c p 5 nucleotide diversity (Tajima 1983).
d h 5 nucleotide diversity (Watterson 1975).
e K 5 divergence.
FIG. 2.—Nucleotide diversity, p (Nei 1987), for Mus musculus
domesticus populations across the B4galnt2 gene region. Diversity in
France (black line) and Germany (gray line) are strikingly different in the
region near B4galnt2 exon 1. Dashed lines represent the genome average
at seven unlinked autosomal reference loci (Baines and Harr 2007).
Selection on Variation at B4galnt2 571and P 5 0.002 for France and Germany, respectively).
However, the loci contributing most to the overall chi-
square statistic differ between populations. In particular,
signiﬁcance in the French populations is due to fragments
5 and 6, which display both an excess of polymorphism and
a deﬁciency of divergence. In contrast, sequence fragments
spanning B4galnt2 appear to be evolving similarly to those
throughout the genome in the German population, although
thetestremains signiﬁcant duetoelevatedpolymorphism at
a single unlinked reference locus in this population. It
should be noted, however, that this reference locus displays
no evidence of a deviation from neutrality by other meas-
ures (e.g., Tajima’s D), nor does it display evidence of se-
lectionin other M.m. domesticuspopulations, including the
French population (Baines and Harr 2007). Furthermore,
removal of this locus does not change the signiﬁcance of
the results in the French population due to B4galnt2 frag-
ments 5 and 6.
Microsatellite Variability
The observation of high divergence between haplo-
types, low variation within haplotypes, and large differen-
ces in haplotype frequency between populations suggest
complex dynamics at B4galnt2. To further explore the na-
ture of the selective forces operating, we genotyped 12 mi-
crosatellites across this region in 31–46 individuals per
population (supplemental tables S2 and S3, Supplementary
Materialonline)andcomparedthemwiththepatternseenat
118 microsatellites distributed randomly throughout the ge-
nome in the same German and French population samples
(Ihle et al. 2006). Due to their high polymorphism levels
and high mutation rate, these microsatellite markers serve
as sensitive indicators of selection at linked sites and have
the ability to capture more recent events.
The relative amount of heterozygosity between the
two populations at individual loci may be described by
the ln RH statistic (Kauer et al. 2003). After standardizing
the values of the 12 loci using the mean and standard de-
viation of ln RH from the random data set, we detected no
signiﬁcant outlier after Bonferroni correction. However,
when we analyzed heterozygosity with respect to the
RIIIS/J and C57BL6/J haplotypes classes individually,
a striking pattern emerged (ﬁg. 4). At six loci within
a ;160-kb window surrounding B4galnt2, the average het-
erozygosity within the RIIIS/J haplotype class is nearly half
that of the C57BL6/J class (0.446 vs. 0.807), whereas the
average values between the two classes at six more distal
ﬂanking loci (1–2.7 Mb from the gene) display nearly iden-
tical values (0.732 vs. 0.733). Even more striking, the two
microsatellite loci located withinthe haplotype structure as-
sociated with the RIIIS/J and C57BL6/J classes are mono-
morphic (i.e., contain no variation) within the RIIIS/J class.
Speciﬁcally, a (GT)6–27 repeat located ;30 kb upstream of
the B4galnt2 start codon is polymorphic within the
C57BL6/J haplotype, but harbors only a (GT)23 allele
within the RIIIS/J class, and a (GA)10–37 locus ;1k b
downstream of the B4galnt2 start codon is polymorphic
within the C57BL6/J class, but harbors a single (GA)10 al-
lele within the RIIIS/J class.
The observation of a single allele at two microsatellite
loci within a haplotype of intermediate frequency is un-
likely under a neutral model and suggests a young age
of the RIIIS/J haplotype. To assess the probability of ob-
servingasinglealleleattwomicrosatellitelociwithinahap-
lotype of given frequency, we performed an extension of
the haplotype test of Hudson et al. (1994) including micro-
satellites (see Materials and Methods). Coalescent simula-
tions were performed under both a standard constant size
model and under the most likely demographic model for
the French population (including a population size bottle-
neck) estimated by Baines and Harr (2007) under the con-
servative assumption of no recombination. In both cases,
the observed level of nucleotide and microsatellite variation
within the RIIIS/J haplotype signiﬁcantly deviated from the
neutral expectation (P , 0.0002 and P 5 0.0006 for con-
stant size and demographic models, respectively).
In addition, we compared the age of the RIIIS/J hap-
lotype estimated from within-haplotype nucleotide and mi-
crosatellite polymorphism with that predicted from its
frequency. Assuming a star phylogeny and that the muta-
tions among RIIIS/J chromosomes follow a Poisson distri-
bution, an estimate of the age of the RIIIS/J haplotype can
FIG. 3.—Contribution of B4galnt2 and unlinked autosomal reference
loci (Baines and Harr 2007) to the multilocus HKA statistic. B4galnt2 loci
(with sequence fragment numbers from table 2) are indicated by arrowed
boxes and are shown for both the French population (a) and German
population (b). The contribution to the overall test statistic is shown for
both polymorphism (black circles) and divergence (open circles) for each
locus. Values above the x-axis indicate a positive deviation from the
neutral expectation, whereas those below the x-axis indicate a negative
deviation. The loci are ordered according to their total contribution from
left to right. The dotted vertical lines represent the cutoff, after which
removal of the loci to the left of the line from the analysis results in no
signiﬁcant deviation from the neutral expectation.
572 Johnsen et al.be made given the observation of at most two nucleotide
mutations (one singleton within an RIIIS/J homozygote
and one singleton of uncertain phase occurring in a hetero-
zygote within fragments 2–8) and assuming that no muta-
tions have occurred at the two monomorphic microsatellite
loci, giving a maximum likelihood estimate of 97 years
(95% CI 5 12–350 years). In contrast, the age predicted
by the frequency of the RIIIS/J haplotype is 70,040 years
(95% CI 5 12,650–109,246 years) (Kimura and Ota 1973).
Taken together, these observations suggest the RIIIS/J hap-
lotype has risen to intermediate frequency very recently in
the French population due to the action of natural selection.
Introgression Simulations
The high sequence divergence, LD, and low variation
within the RIIIS/J haplotype suggest introgression from
a closely related species as a viable explanation for the or-
igin of this allele in M. m. domesticus, given that genetic
exchange with even more distant, noncommensal species
such as M. spretus (average nucleotide divergence ;2%;
Galtier et al. 2004) is known to occur (Greene-Till et al.
2000; Orth et al. 2002; Bonhomme et al. 2007). However,
although the region of LD spans a large distance (;60 kb),
as might be expected if the RIIIS/J haplotype recently in-
trogressed, the level of sequence divergence between hap-
lotypes is highly heterogeneous across this region. For
example, the average pairwise divergence, pbetween, be-
tween haplotypes at fragment 5 (4.6%), near the center
of the region of LD, is roughly 10-fold higher than at frag-
ments 2 and 8 (0.47% and 0.54%, respectively). In the ab-
sence of comparable heterogeneity in the mutation rate
across the region, this pattern would be unexpected under
a simple introgression model, and the range of divergence
to the more distantly related M. famulus across sequence
fragments (2.7–4.9%) varies less than 2-fold (table 2).
Totestiftheheterogeneityindivergencebetween hap-
lotypesiscompatiblewitha simple introgression model,we
performed coalescent simulations allowing for the outcome
of sampling alleles from two divergent populations to be
evaluated (see Materials and Methods). Genealogies of
a;60-kbchromosomalregion(correspondingtotheregion
of LD associated withfragments 2–8) were simulated under
a standard constant size model and a demographic model
suited to the history of house mice as above (Baines and
Harr 2007), both with and without recombination. The ob-
served variances of both p and pbetween across the region are
signiﬁcantly greater than expected under all scenarios (P ,
5   10
 5). Thus, this heterogeneity, largely resulting from
the extreme peak of divergence between haplotypes, ap-
pears highly unlikely under a simple introgression model.
Mvwf1 Phenotype in a Natural M. m. domesticus
Population
To determine if the presence of the RIIIS/J haplotype
in the 5# ﬂanking region of B4galnt2 in wild mice is asso-
ciated with the same tissue-speciﬁc switch in expression
conferred by theMvwf1 mutation ininbredstrains, thesame
diagnostic fragment (fragment 6) as above was typed in 24
wild-caught M. m. domesticus individuals from the Massif
Central region of France and small intestine was stained
with DBA lectin (which is speciﬁc for B4GALNT2 glyco-
sylation products; Mohlke et al. 1999). Individuals
FIG. 4.—Heterozygosity at microsatellites spanning a ;160-kb region containing B4galnt2. Values of the German population are displayed by
triangles (gray) and those of the French population with circles. The C57BL6/J haplotype class within France is displayed by a solid black line (closed
circles), the RIIIS/J class with a dotted black line (open circles). The solid gray bar within the 5# half of the B4galnt2 gene depicts the region of
haplotype structure associated with the RIIIS/J and C57BL6/J classes. The values of six other ﬂanking loci are not shown (supplementary table S3,
Supplementary Material online).
Selection on Variation at B4galnt2 573homozygous for the RIIIS/J haplotype uniformly exhibited
DBA–lectin staining of blood vessels but demonstrated no
intestinal epithelial DBA lectin staining (ﬁg. 5), consistent
with the tissue-speciﬁc switch in B4galnt2 expression ﬁrst
characterized in the RIIIS/J inbred mouse strain. All indi-
viduals lacking the RIIIS/J haplotype demonstrated intesti-
nal epithelial DBA lectin staining and never exhibited
vascular DBA lectin staining (ﬁg. 5). Individuals heterozy-
gous for RIIIS/J polymorphisms exhibited both intestinal
epithelial and vascular endothelial DBA lectin staining,
consistent with codominant expression of B4galnt2 alleles
in these tissues (ﬁg. 5). In addition, these data indicate that
fragment 6 is a reliable diagnostic marker of (i.e., is tightly
linked to) the mutation conferring the regulatory switch.
Plasma VWF levels were determined in all 24 wild-
caught individuals and correlated to genotype at fragment
6. The low VWF phenotype conferred by the RIIIS/J allele
has beenextensivelycharacterized inlaboratory mice andis
inherited in an autosomal dominant manner (i.e., mice both
heterozygous and homozygous for the RIIIS/J haplotype
exhibit similarly low VWF levels) (Nichols et al. 1994;
Mohlke et al. 1996, 1999). Individuals either heterozygous
or homozygous for the RIIIS/J haplotype displayed less
than half the VWF levels of individuals that did not have
the RIIIS/J haplotype (5.5 ± 2.0 vs. 13.3 ± 2.3, P , 1  
10
 7 using Student’s unpaired two-tailed t-test; displayed
in ﬁg. 6), consistent with vascular endothelial expression
ofB4galnt2leadingtoalteredglycosylationandsubsequent
accelerated clearance of VWF from circulation. Thus, the
phenotypic effect of the RIIIS/J haplotype is conﬁrmed
in this natural population of M. m. domesticus, where it
clearly confers the Mvwf1 tissue-speciﬁc switch and causes
a signiﬁcant reduction in plasma VWF.
Discussion
The data reported here indicate that the pattern of hap-
lotypic variation at B4galnt2 in natural populations is sim-
ilar to that observed in laboratory mouse strains (i.e., two
main divergent haplotype classes similar to either C57BL6/
J or RIIIS/J). The level and pattern of polymorphism and
divergence in populations in which these haplotypes segre-
gate are extreme, suggesting that the RIIIS/J haplotype may
have been introduced into M. m. domesticus by introgres-
sion and/or is maintained by balancing selection, whereas
analysis of microsatellite variation within this region sug-
gests the action of very recent natural selection, which may
accountforthedifferences inhaplotype frequencyobserved
between different local populations. Furthermore, wild-
caught individuals display a clear association between hap-
lotype class and variation in the tissue-speciﬁc expression
pattern of B4GALNT2, and individuals homo- or heterozy-
gous for the RIIIS/J haplotype class display signiﬁcant re-
ductions in VWF level.
Origin and Maintenance of Divergent B4galnt2 Alleles
Compared with the genomic regions between labora-
tory mouse strains deemed as ‘‘ancestrally divergent’’ (i.e.,
FIG. 5.—DBA lectin staining of small bowel. DBA lectin staining (brown) is speciﬁc for B4GALNT2 glycosylation (Mohlke et al. 1999) and is
seen in serosal blood vessels (indicated by arrows in the left and center panels) in individuals homozygous (þ/þ) and heterozygous (þ/ ) for the RIIIS/
J haplotype class, but is absent in individuals lacking RIIIS/J polymorphisms (arrow in the right panel). Intestinal epithelium is positive in animals
heterozygous or homozygous for the C57BL6/J haplotype class (þ/  and  / ), whereas intestinal epithelium is negative for DBA lectin staining in
animals homozygous for the RIIIS/J haplotype class (þ/þ).
FIG. 6.—VWF levels in wild-caught mice. Plasma VWF levels (in
arbitrary units) for wild-caught individual French mice are grouped by the
presence or absence of the RIIIS/J haplotype class at fragment 6. The
mean for each group is indicated by the solid bars. The presence of RIIIS/
J-like sequence correlates with a highly signiﬁcant decrease in plasma
VWF levels (P , 1   10
 7).
574 Johnsen et al.originating from different M. musculus subspecies), where
a nucleotide difference occurs on average every ;200 bp
(;0.5% divergence) (Wade et al. 2002), the level of se-
quence divergence between the RIIIS/J and C57BL6/J in-
bred strains and the haplotypes that largely correspond to
these sequences in natural populations is highly unusual.
The overall high sequence divergence, LD, and low varia-
tion within a haplotype at intermediate frequency suggest
that selection may have operated on an allele derived from
a rare interbreeding event between partially isolated popu-
lations to give rise to the pattern of variation observed at
B4galnt2. However, the sliding window analysis of the
RIIIS/J sequence (shown adapted from Johnsen et al.
2008, in ﬁg. 1) demonstrates that this level of divergence
is not uniform, displaying a peak of ;8% divergence in
the immediate 5# ﬂanking region of the gene, which de-
creases on either side. Under a simple neutral introgression
model, divergence between haplotypes would be largely
governed by the mutation rate, and thus be expected to
be more uniform.
Although introgression may be a contributing factor to
the history of these two divergent allele classes at B4galnt2,
the peak of divergence between them is also consistent with
apredictionoflong-term balancingselection:linkedneutral
mutationsareexpectedtoaccumulatebetweenalleleclasses
with increasing proximity to the selected site(s), where the
opportunity to ‘‘migrate’’ (i.e., to recombine) between allele
classes becomes increasingly smaller (Hudson and Kaplan
1988; Charlesworth et al. 1997; Takahata and Satta 1998;
Charlesworth 2006). However, simple long-term mainte-
nance of alleles within a single population would also pre-
dict an accumulation of within-allele-class variants, which
isnotobservedinoursurvey.Togetherwiththeobservation
oflarge differences infrequencybetween local populations,
this suggests that the selective force(s) maintaining this var-
iation may be heterogeneous over space and/or time. Stahl
et al. (1999) proposed a model termed ‘‘trench warfare’’ to
explain the heterogeneous distribution of alternative wild-
type and disease-resistant alleles segregating at the Rpm1
locus of Arabidopsis thaliana across its geographic range.
Under this model, if a resistance allele carries a cost, it will
be disfavored in the absence of the pathogen against which
it confers resistance, and recurrent advances and retreats of
the resistance allele/pathogen will act to maintain variation.
It is possible that the German and French populations,
which harbor frequencies of the RIIIS/J haplotype of 0%
and 39%, represent different stages of such a ﬂuctuating
model, with the RIIIS/J haplotype having very recently in-
creased in frequency in the French population.
Another aspect of the data inconsistent with simple
long-term maintenance of alleles is the large size of the
region of LD, which would not be maintained over long
periods unless recombination is suppressed across this re-
gion. Although the chromosomal region containing
B4galnt2 experiences greater than average levels of
recombination for the mouse genome (1.3 cM/Mb;
Jensen-Seaman et al. 2004), it is possible that the many
nucleotide differences between C57BL6/J and RIIIS/J,
in conjunction with several larger insertions/deletions
(Johnsenetal.2008),areactingtosuppressrecombination
between these alleles. The large region of LD would,
however, be consistent with the recent increase in fre-
quency of an allele due to natural selection.
VWF Variability in Mammals
In addition to identifying signatures of selection at the
B4galnt2 locus in these natural populations, we tested wild-
caught individuals from a French house mouse population
for the Mvwf1 phenotype initially described in the RIIIS/J
inbredmousestrain. RIIIS/JexhibitsalowVWFphenotype
similar to human type 1 VWD (Sweeney et al. 1990), the
most common inherited bleeding disorder in humans.In ad-
dition to the mouse, VWD has been reported in other mam-
mals, including pigs, calves, dogs, cats, horses, and rabbits
(Mohlke and Ginsburg 1997). VWD in humans exhibits
variable expressivity and incomplete penetrance, and this
observation, in conjunction with the wide range of VWF
levels found in normal subjects (from 50% to 150%), im-
plies the inﬂuence of modiﬁer genes outside the VWF gene
itself (Levy and Ginsburg 2001). Although one major mod-
iﬁer, ‘‘ABO’’ blood group (Orstavik et al. 1985), and other
minor modiﬁers of VWF have been described (O’Donnell
et al. 2002), the cause of the majority of genetic variability
in VWF levels in humans remains unexplained. The reason
such wide variability in a critical coagulation factor is tol-
erated within human populations is unknown, and recent
work has uncovered similar VWF variability in mice
(Lemmerhirt et al. 2006, 2007).
In the current study, we demonstrate that the RIIIS/J
haplotype is associated with a remarkably signiﬁcant de-
crease in VWF in a wild-caught mouse population despite
numerous uncontrolled acquired, environmental, and ge-
netic factors that would be expected to inﬂuence VWF lev-
els. Though we cannot exclude an offsetting potential
beneﬁt from low VWF levels, we propose another, as
yet unknown, beneﬁt of carrying the RIIIS/J haplotype, re-
sulting in balancing selection at the B4galnt2 locus, with
low VWF levels representing a pleiotropic byproduct.
Possible Selective Forces Operating on Variation in
B4galnt2 Expression
The endothelium plays an active role in thrombosis,
inﬂammation, and vascular wall remodeling (Michiels
2003) in response to injury. Consequently, a number of cell
adhesion molecules and/or soluble endothelial cell-derived
products, such as those critical for the host inﬂammatory
response (Reinhart et al. 2002), are potential candidates
for glycosylation modiﬁcation by endothelial expressed
B4GALNT2. The resulting altered function could lead to
an advantageous phenotype under speciﬁc circumstances
by modifying the host response to inﬂammation, injury,
or a pathogen (Laschke et al. 2005; Doulet et al. 2006;
Biswas et al. 2007). Such a scenario could favor the
RIIIS/J haplotype under certain conditions, such as an
infectious outbreak.
Although there is a higher frequency of individuals
gaining expression of B4galnt2 in blood vessels than losing
expression in intestine in this wild mouse population, the
loss of bowel B4galnt2 expression in animals homozygous
Selection on Variation at B4galnt2 575for the RIIIS/J haplotype is also a candidate to affect ﬁtness
in these populations. Glycosylation of intestinal mucins has
been shown to be critical for colonization, adhesion, and
infection of enteric pathogens (Karlsson et al. 2000; Petri
et al. 2002; Robbe et al. 2003; Kawakubo et al. 2004),
and loss of carbohydrate ligands for an invading pathogen
could result in a ﬁtness advantage for mice homozygous for
RIIIS/J-like sequences. However, expression of B4galnt2
orthologs are conserved in intestine in mice and humans
(Capon et al. 2001; Montiel et al. 2003) and likely other
mammals (Chae 1997; Karlsson et al. 1997), suggesting
that intestinal B4GALNT2 may serve a function that would
be lost in mice homozygous for the RIIIS/J haplotype.
Conclusion
Differences in transcriptional regulation appear to ac-
count for a signiﬁcant proportion of variation subject to se-
lection. Previous application of population genetics to the
study of variation in cis-regulatory DNA has identiﬁed sev-
eral examples of balancing selection between disease and
protective states (reviewed by Hahn 2007). The Mvwf1 reg-
ulatory switch in gene expression from one tissue-restricted
pattern to another is an unusual molecular mechanism with
few reportedprecedents(Mohlkeetal.1999).The multifac-
eted phenotype resulting from the tissue-speciﬁc switch in
B4galnt2expressionpatternlikelyunderliescomplexselec-
tive forces at work at the B4galnt2 locus. Whether a ﬁtness
advantage is conferred by the gain of B4galnt2 vascular ex-
pression or the loss of B4galnt2 intestinal expression, a spe-
ciﬁc advantageous phenotype conferred by the RIIIS/J
haplotype class in natural populations may be difﬁcult to
identify. The molecular evidence at the B4galnt2 locus
in this naturalmouse population isconsistent withtolerance
of the presumably detrimental low VWF phenotype in ex-
change for an as yet unknown beneﬁt. We speculate that
similarselectionmayaccountforthetoleranceofvariability
in VWF and high prevalence of VWD in other mammalian
species, including humans.
Supplementary Materials
Supplementary tables S1, S2, and S3 and ﬁgures S1
and S2 are available at Molecular Biology and Evolution
online (http://www.mbe.oxfordjournals.org/).
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